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Introduction:

This funded project addresses the role of hedgehog signaling in prostate cancer.
Using a well characterized xenograft model, the purpose of the proposal is to
characterize sonic hedgehog (Shh) expression in human prostate cancer, to
examine the affect of Shh overexpression on prostate xenograft tumor growth, and
to determine the effect of Shh loss of function on tumor growth.

Body:

The research goals in the statement of work were addressed as planned.
Specifically, the goals 1a, 1c, 2a, 2b, and 2d were accomplished and those results
are presented in the appended manuscript:

L. Fan, C.V. Pepicelli, C. C. Dibble, W. Catbagan, J. L. Zarycki, R. Laciak, J.
Gipp, A. Shaw, M. L.G. Lamm4, A. Munoz, R. Lipinski, J. B. Thrasher and W.

Bushman: Hedgehog Signaling Promotes Prostate Xenograft Tumor Growth
Endocrinology. 2004 Aug;145(8):3961-70

Supporting work, describing the expression of Shh in the developing human
prostate was described in the appended manuscript:

D. H. Barnett, H. Y. Huang, X. R. Wu, P. M. Bak, R. Laciak, E. Shapiro, and W.
Bushman: The Human Prostate Expresses Sonic Hedgehog During Fetal
Development. J Urol, 2002 Nov:168(5):2206-10.

Ours were the first human studies to comprehensively characterize hedgehog
signaling in the human prostate and prostate cancer and the first published study of
the role of hedgehog signaling in tumor growth. Our contribution to the field is
reflected in our invitation to contribute a review of this subject to the Second
Edition of Prostate Cancer: Novel Biology, Genetics and Therapy.

Bushman W. Hedgehog Signaling in Growth and Development.  Prostate Cancer:
Novel Biology, Genetics and Therapy (in press)

Key Research Accomplishments:
» We have shown in a survey of adult human prostate tissues that substantial

levels of hedgehog signaling exist in normal hyperplastic and malignant
tissue.
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» In cancer specimens Shh expression is localized to the tumor epithelium
while Glil expression is localized to the tumor stroma. This tight correlation
between the levels of Shh and Glil expression would suggest active
signaling between the tissue layers.

» We have shown that Shh expressed by LNCaP cells in the xenograft tumor
model activates Glil expression in the tumor stroma.

» Shh over expression in LNCaP cells accelerates tumor growth. This is
associated with a dramatic up-regulation of stromal Glil expression.
Together these implicate Shh as an important paracrine activator in prostate
cancet.

Reportable Outcomes:

1)  Manuscripts describing these results has been submitted for publication
(appended).

2)  Based on this work a post-doctoral fellow, Mark Koeppel has applied for
and received funding from the Department of Defense.

Conclusions:

This work has identified, for the first time, Shh signaling as an important paracrine
activator in prostate cancer growth. Our studies have shown that this signaling
pathway is active in human prostate cancer and that it dramatically accelerates
tumor growth in a xenograft model. Subsequent to our publications, three
additional papers appears also showing that hedgehog signaling promotes tumor
growth and providing proof of principle for targeting hedgehog signaling in the
treatment of prostate cancer. Shh signaling is a demonstrated target for chemical
inhibition and has significant chemotherapeutic applications in cancer. These
findings therefore have great importance for human health. They identify Shh
signaling as a potential target for therapeutic intervention to slow or arrest prostate
tumor growth — and provide patients with prostate tumor growth extended life
expectancy and increased quality of life.
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Hedgehog Signaling Promotes Prostate Xenograft

Tumor Growth

LIAN FAN, CARMEN V. PEPICELLI, CHRISTIAN C. DIBBLE, WINNIE CATBAGAN,
JODI L. ZARYCKI, ROBERT LACIAK, JERRY GIPP, AUBIE SHAW, MARILYN L. G. LAMM,
ALEJANDRO MUNOZ, ROBERT LIPINSKI, J. BRANTLEY THRASHER, axo WADE BUSHMAN

Curis, Inc. (C.V.P., C.C.D., J.L.Z.), Oncology Group, Cambridge, Massachusetts 02163; Division of Urology/Department of
Surgery (J.G., A.S., AM., R.Li., W.B.), University of Wisconsin, Madison, Wisconsin 53792; and Division of Urology
(J.B.T.), University of Kansas Medical Center, Kansas City, Kansas 66113; and Northwestern University Feinberg School of

Medicine (L.F., W.C., R.La., M.L.G.L.), Chicago, Illinois 60611

During fetal prostate development, Sonic hedgehog (Shh) ex-
pression by the urogenital sinus epithelium activates Gli-1
expression in the adjacent mesenchyme and promotes out-
growth of the nascent ducts. Shh signaling is down-regulated
at the conclusion of prostate ductal development. However, a
survey of adult human prostate tissues reveals substantial
levels of Shh signaling in normal, hyperplasic, and malignant
prostate tissue. In cancer specimens, the Shh expression is
localized to the tumor epithelium, whereas Gli-1 expression is
localized to the tumor stroma. Tight correlation between the
levels of Shh and Gli-1 expression suggests active signaling
between the tissue layers. To determine whether Shh-Gli-1

signaling could be functionally important for tumor growth
and progression, we performed experiments with the LNCaP
xenograft tumor model and demonstrated that: 1) Shh ex-
pressed by LNCaP tumor cells activates Gli-1 expression in
the tumor stroma, 2) genetically engineered Shh overexpres-
sion in LNCaP cells leads to increased tumor stromal Gli-1
expression, and 3) Shh overexpression dramatically acceler-
ates tumor growth. These data suggest that hedgehog signal-
ing from prostate cancer cells to the stroma can elicit the
expression of paracrine signals, which promote tumor
growth. (Endocrinology 145: 3961-3970, 2004)

HE PROSTATE GLAND is composed of a secretory ep-
ithelial parenchyma and a stroma consisting of smooth
muscle cells and fibroblasts (1, 2). The stromal cells elaborate
components of the extracellular matrix and paracrine factors
that regulate epithelial cell proliferation and differentiation
(3). The role of mesenchyme in directing growth and mor-
phogenesis during embryonic prostate development is well
established (4). Similarly, a growing body of evidence indi-
cates that the stroma may undergo phenotypic and/or ge-
notypic changes that enhance prostate cancer growth (5, 6).
It has been shown, for example, that coinjection of prostate
cancer-derived fibroblasts with tumorigenic epithelial cells
into nude mice enhances tumor take and growth (7-12).
Tumors may be able to recruit normal stromal cells to sup-
port tumor growth by inducing expression of a variety of
angiogenic and growth factors in a paracrine fashion (re-
viewed in Ref. 13). The stromal reaction in cancer resembles
the activity of stromal cells in wound healing and may create
conditions that favor tumor progression (3).

Hedgehog proteins in the prostate

Sonic hedgehog (Shh) is a secreted protein that acts as a
potent inducer of morphogenesis and growth in diverse

Abbreviations: ANCOVA, Analysis of covariance; BPH, benign pros-
tate hyperplasia; EGFP, enhanced green fluorescent protein; FBS, fetal
bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GFP, green fluorescent protein; Pic-1, hedgehog receptor Patched; Shh,
Sonic hedgehog.

Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
endocrine community.

structures of the developing embryo (14-19). All known
biological activity is associated with the N-terminal fragment
of the protein (20, 21). Shh exerts its effects by activating gene
transcription in target cells expressing the hedgehog receptor
Patched (Ptc-1) (22). This interaction initiates a complex in-
tracellular signal transduction cascade that activates the tran-
scription factor Gli-1 (23), one of three mammalian Gli genes
related to the Drosophila segment polarity gene Cubitus
interruptus (24). Gli-1 activation results in increased expres-
sion of Gli-1 itself, Ptc-1, and target genes that regulate pro-
liferation, differentiation, and extracellular matrix interac-
tions (25). Gli-2 encodes a transcriptional regulator that
shares extensive homology with Gli-1 and may provide func-
tional redundancy in the transcriptional response to Shh
signaling. Gli-3 is believed to provide both positive and neg-
ative regulatory control over the expression of Shh target
genes (reviewed in Ref. 26).

Studies of prostate development suggest that Hedgehog
signaling is critical for normal ductal morphogenesis (15, 27,
28). Epithelial Shh expression is concentrated at sites of ductal
bud formation and the tips of the growing ducts in which it
activates Gli-1 and Gli2 expression in the adjacent mesen-
chyme. Negation of Shh signaling impairs the activation of
Gli-1 and Gli-2 expression and inhibits ductal outgrowth
(14-15, 28). Because this effect entails primarily an inhibition
of epithelial cell proliferation, it suggested that epithelial Shh
expression activates stromal-mediated paracrine signals that
feed back and stimulate epithelial cell proliferation (15).

LNCaP cells are human prostatic epithelial cells derived
from a metastatic supraclavicular lymph node (29). The
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LNCaP cell line forms xenograft tumors at high efficiency
when coinjected with Matrigel into nude mice (30). The xeno-
graft tumors are composed of (human) LNCaP prostate can-
cer cells and host (mouse) derived stromal cells. We have
taken advantage of this model to examine the influence of
Shh signaling on prostate tumor growth. Our studies show
that Shh expressed by LNCaP cells activates Gli-1 gene ex-
pression in host-derived stromal cells and that overexpres-
sion of Shh in the prostate cancer cells up-regulates stromal
Gli-1 gene expression in vivo and accelerates xenograft pros-
tate tumor growth. All of the evidence from these xenograft
studies argues against autocrine signaling and suggests that
Shh acts through the stroma to stimulate tumor cell
proliferation.

Materials and Methods
Plasmids and cell lines

The human Shh overexpression vector, pIRES2-hShh-enhanced green
fluorescent protein (EGFP), was made by cloning a 1.55-kb human Shh
cDNA fragment (provided by Dr. Cliff Tabin, Harvard University, Bos-
ton, MA) into the EcoRI site of the cytomegalovirus promoter driven
pIRES2-EGFP (Clontech, Palo Alto, CA). LNCaP cells (American Type
Culture Collection, Manassas, Va) were transfected with pIRES2-hShh-
EGFP or pIRES2-EGFP vector alone using Lipofectin (Life Technologies,
Inc., Grand Island, NY) and subcloned by limiting dilution. One high Shh
expressor clone [LNCaP*"] and one medium Shh expressor clone
[LNCaPS""™7 were identified by green fluorescent protein (GFP) ex-
pression, and their Shh expression levels were confirmed by RT-PCR and
Western blot.

LNCaP proliferation

Cells were plated at a density of 2 X 10* cells/well in 24-well plates
in complete media [RPMI 1640 containing 2 mm L-glutamine + 1.5
g/liter sodium bicarbonate + 4.5 g/liter glucose + 10 mm HEPES + 1
mM sodium pyruvate + 10% fetal bovine serum (FBS)]. Cells were
counted on a counter model ZF analyzer (Coulter, Fullerton, CA). Cell
death, determined by Trypan blue exclusion, did not change under any
of the treatment conditions. For cyclopamine experiments, subconfluent
LNCaP and p27*~/ (31) cells were incubated in medium containing 2%
calf serum with or without 5 uM cyclopamine (Toronto Research Chem-
icals, Ontario) for 7 d.

Xenograft model

All animal experiments were conducted in accord with institutional
policies and Institutional Animal Care and Use Committee guidelines.
LNCaP xenograft tumors were created by sc coinjection of LNCaP cells
(1 X 10° in 250 u1 PBS) with 250 ul Matrigel into both flanks of adult male
nude CD-1 mice (Charles River Laboratories, Wilmington. MA). Ten
mice each were injected with each of the four cell lines. Tumors were
measured weekly with a caliper and tumor volumes were calculated
according to the formula (length X width X depth X 0.5236) (32). The
mice were followed up for 11 wk, although some cell lines experienced
high mortality beginning at wk 9.

RT-PCR

Semiquantitative RT-PCR performed as previously described (16),
using message for the ribosomal subunit protein, RPL-19, as an internal
standard. Real-time quantitative RT-PCR was performed using TagMan
instrumentation (Applied Biosystems, Foster City, CA) and used gene-
specific primers and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an internal standard. Total RNA isolated from cryopul-
verized tissue with Trizol (Gibco-BRL, Gaithersburg, MD) was subjected
to reverse transcription using standard protocols. Species-specific prim-
ers for human Shh and mouse Gli genes and Pic-1 were used to localize
expression to the epithelial and stromal components of xenograft tu-
mors. Primer sequences were as follows:

Fan et al. « Hedgehog Signaling in Prostate Tumors

Human GAPDH forward: CCA CAT CGC TCA GAC ACC AT, re-
verse: GCA ACA ATA TCC ACT TTA CCA GAG TTA A; human Shh
forward: AAG GAC AAG TTG AAC GCT TTG G, reverse: TCG GTC
ACC CGC AGT TTC; human Gli-1 forward: AAT GCT GCC ATG GAT
GCT AGA, reverse: GAG TAT CAG TAG GTG GGA AGT CCA TAT;
human Gli-2 forward: AAG AAA GTG ATG ATG CGA TGT CTA A,
reverse: TGT CGG TAA AGC AGC ACA TGT AT; human Gli-3 forward:
ATC ATTCAG AACCTTTCC CAT AGC, reverse: TAG GGA GGT CAG
CAA AGA ACT CAT; human P#c-1 forward: CGC TGG GAC TGC TCC
AAG T, reverse: GAG TTG TTG CAG CGT TAA AGG AA; mouse
GAPDH forward: AGC CTC GTC CCG TAG ACA AAAT, reverse: CCG
TGA GTG GAG TCA TAC TGG A; mouse Shh forward: AAT GCC TTG
GCC ATC TCT GT, reverse: GCT CGA CCC TCA TAG TGT AGA GAC
T; mouse Gli-1 forward: GGA AGT CCT ATT CAC GCCTTG A, reverse:
CAA CCTTCT TGC TCA CAC ATG TAA G; mouse Gli-2 forward: TCC
ATG AAG CTC GTC AAG GTT, reverse: GCA AGT AAC TGA GGA
GACTAC AAT ATC C; mouse Gli-3 forward: AGC CCA AGT ATT ATT
CAG AAC CTT TC, reverse: ATG GAT AGG GAT TGG GAA TGG;
mouse Pic-1 forward: CTC TGG AGC AGA TTT CCA AGG, reverse:
TGC CGC AGT TCT TTT GAA TG. :

Each PCR was run in duplicate and according to the manufacturer’s
recommendations and default settings.

Western blots

Lysates for Western blot analysis were prepared as previously de-
scribed (33). Total protein (10-20 ug) was run on 14% SDS-PAGE gel,
transferred to nitrocellulose membrane (Amersham Corp., Piscataway,
NJ), incubated with 1:200 goat antihuman Shh N-terminal antibody
(catalog no. SC-1194, Santa Cruz Biotechnology, Santa Cruz, CA) fol-
lowed by 1:5000 horseradish peroxidase-conjugated donkey antigoat
IgG (Santa Cruz, catalog no. SC-2056) and developed by enhanced
chemiluminescence (Amersham Corp.).

Histology and radioactive in situ hybridization

Tumor tissues were fixed in 4% paraformaldehyde overnight at 4 C,
embedded in paraffin, sectioned at 5 pm thickness, and stained with
hematoxylin and eosin. In situ hybridizations were performed on para-
formaldehyde-fixed, paraffin-embedded histological sections as de-
scribed previously (34). Mitotic indices were determined by scoring
epithelial mitotic figures in 10 randomly selected high-power fields from
representative sections of two xenograft tumors from each type. All
counted mitotic figures were in tumor cells; no stromal mitotic figures
were observed.

Gli-luc assay

C3H10T1/2 cells (ATCC) carrying a hedgehog-responsive reporter
gene construct (35) were cocultured with either LNCaP or LNCaPS"™®
cells (10,000 each per well) overnight in medium containing 10% FBS.
The next day, the plates were changed to medium with 0.5% FBS. After
48 h, plates were assayed for luciferase activity with the LucLite kit
(Packard, Meriden, CT).

Human tissues

Pooled fetal prostate RNA from 20-22 wk gestation and fetal brain
RNA was obtained from Invitrogen (Carlsbad, CA). Adult human pros-
tate tissues were obtained at Northwestern University from the follow-
ing sources: 1) normal prostate tissues from organ donors at the time of
organ harvest; 2) prostate cancer tissues from transurethral surgery in
men with clinically advanced prostate cancer or by focal excision of
tumor tissue from radical prostatectomy specimens; or 3) benign pros-
tate hyperplasia (BPH) tissues from transurethral or simple prostatec-
tomy. In each case, the diagnostic designation was histologically con-
firmed. Paired prostate cancer/ benign prostate tissue specimens were
provided by the Tissue and Serum Repository (Kansas Cancer Institute,
University of Kansas Medical Center, Kansas City, KS). After removal
of the prostate from men undergoing radical prostatectomy for clinically
localized prostate cancer, core biopsies were performed of presumed
tumor and the equivalent site on the contralateral side of the specimen.
Of the 20 specimens processed in this way, 11 pairs of tumor and benign

Downloaded from endo.endojournals.org on July 5, 2005
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tissue from the same patient were confirmed by histologic examination.
Only these 11 sets were included in the final analysis. All procedures for
tissue acquisition and analysis were approved by the institutional re-
view boards of Northwestern University and Kansas University Medical
Center.

Statistical analysis

Cell line growth culture. To assess growth of the four cell lines, a Gompertz
growth model was fitted to each line. Day 0 cell counts were used as a
baseline; counts for each line in subsequent days were expressed as
percentages with respect to the d 0 average count. Natural (base e)
logarithms of the percentages were obtained to make the variability
across time and cell lines more homogeneous. A Gompertz model with
line-specific asymptote and growth rate was estimated via Gauss-New-
ton optimization, as implemented in R v1.6.2 (36). Model assumptions
were assessed via residual plots, and, if warranted, parameter signifi-
cance was tested via the approximate ¢ test. Nonsignificant parameters
were excluded and the model was refit.

Mouse tumor growth. Tumor size (cubic millimeters) was plotted against
time for each mouse, with both sides combined. Mice that failed to
reliably establish a tumor were not included in the analysis. Because
straight lines provided a reasonably accurate summary representation
of the growth patterns, least squares fits were obtained for each mouse
by regressing tumor size at each time point and combining both sides.
To assess differences in growth, the slopes of the regression lines were
analyzed via a one-way nonparametric ANOVA (Kruskal Wallis) by
ranking the slopes and performing an ANOVA on the ranks. All six
pairwise comparisons between the cell least-squares mean rank were
performed. Mitotic indices were compared by taking square roots of
mitotic counts to stabilize the variance. Significant differences in the
overall ANOVA (P = 0.04) were further evaluated by split-plot models.

Human tissues. Gene expression analysis provided two sets of data. Data
set 1 (DS1) consisted of 19 adult male prostate specimens: normal (n =
7), prostate cancer (n = 6), and BPH (n = 6). Data set 2 (DS2) consisted
of 11 paired tissues obtained at the University of Kansas Medical Center.
Data from DS1 and DS2 were combined for statistical analysis: normal
prostate (N, n = 7), BPH (n = 6), prostate cancer (PC, n = 6), tumor (T,
n = 11), and benign (B, n = 11). Differences in the mean gene expression
among groups were tested with a one-way ANOVA (completely ran-
domized design). The residuals were examined for evidence of viola-
tions in the assumptions. If needed, variance-stabilizing transformations
were used. If the overall P value for the ANOVA was significant, pair-
wise contrasts were obtained for all possible group pairs. No adjustment
was made for testing all contrasts. To assess whether Shh should be
incorporated as a covariate, analysis of covariance (ANCOVA) was used
for each of the three Gli genes. The mode! allowed for the possibility of
differences in the intercept and the slope across groups. Model fit di-
agnostics were obtained via graphical assessment of the residuals. If
warranted, transformations were used to ensure the model assumptions
were not violated.

The plots and Gompertz fits were generated in R version 1.6.25.1 (36).
The ANOVA, ANCOVA, and Kruskal-Wallis analysis models were fit
in SAS (release 6.12, SAS Institute, Cary, NC) (37).

Results
Expression of Shh and Gli in the adult human prostate

Shh is expressed in the human fetal prostate most abun-
dantly between 11 and 16 wk of gestation, a period of ductal
budding and intense ductal morphogenesis, and is markedly
diminished by 34 wk of gestation (16). An initial semiquan-
titative RT-PCR survey of Shh and Gli-1 expression in three
normal adult prostate specimens (18, 30, and 45 yr) and eight
specimens of high grade (Gleason 8-10) prostate carcinoma
obtained by channel transurethral resection of the prostate,
including two hormone-refractory tumors, revealed in-
creased Shh and Gli-1 expression in the majority of the cancer
tissues and an apparent correlation between the intensity of

Endocrinology, August 2004, 145(8):3961-3970 3963

Shh and Gli-1 expression in the individual specimens (data
not shown). These preliminary data encouraged us to more
comprehensively characterize Shh and Gli gene expression in
the human prostate. Two separate surveys were performed.
The first compared Shh and Gli gene expression in seven
normal prostate (N) specimens from organ donors 15-28 yr
old, six BPH specimens obtained by TURP (n = 4) or open
prostatectomy (n = 2), and six prostate cancer (PC) speci-
mens obtained from glands removed by radical prostatec-
tomy. The purpose of this survey design was to compare
gene expression in normal prostate tissue from young adult
men (N), in hyperplastic (benign) tissue from men without
prostate cancer (BPH), and in specimens of human prostate
cancer (PC). Expression of Shh, Gli-1, Gli-2, and Gli-3 was
assayed by quantitative real-time RT-PCR and normalized to
an internal expression standard of robust developmental Shk
signaling activity, fetal brain RNA. This survey revealed that
Shh expression is generally abundant in both benign (N and
BPH) and cancer (PC) specimens (Fig. 1). Expression levels
varied over a wide range. For statistical analysis of expres-
sion in the different groups, logarithmic and rank transfor-
mations were used to satisfy the assumptions of normality
and homogeneous variance across groups. There was little
difference between the two, so only the results for the log-
arithmically transformed (base ) expressions are shown (Fig.
1A). ANOVA revealed no significant differences in levels of
Shh expression (P = 0.991) or Gli-1 expression (P = 0.802) in
the normal (N) and BPH specimens. Mean Shh and Gli-1
expression was nearly an order of magnitude higher in the
cancer specimens (PC), compared with normal (N) and BPH,
but given the wide variation in expression levels and the
relatively small number of specimens examined, the differ-
ences were not statistically significant. For Gli-2 there were
significant differences, with N different from both PC (P =
0.0279) and BPH (P = 0.0068).

The second survey was performed on a different group of
patients with prostate cancer to determine whether there is
relatively higher Shh expression in a focus of cancer, com-
pared with the background expression in zone-homologous
nonmalignant prostate tissue from the same gland. Paired
specimens of tumor (T) and benign (B) tissue from 11 men
undergoing radical prostatectomy were obtained by match-
ing histologically confirmed tumor with histologically con-
firmed benign tissue obtained from the contralateral lobe.
Statistical analysis revealed no significant differences in Shh
or Gli gene expression between the cancer specimens and
zone homologous tissues from the same group of patients
(Fig. 1A, T vs. B; P = 0.4645).

Active Shh signaling between epithelium and stroma

To determine whether the level of Shh and Gli-1 identified
in the human prostate specimens is physiologically signifi-
cant, we compared their expression to that seen in fetal brain
where Shh signaling is known to play a critically important
role in stimulating growth. Expression of Skh and Gli-1 in
matched specimens from patients with prostate cancer (T
and B) was typically the same order of magnitude as the fetal
brain or greater (Fig. 2, A and B). In situ hybridization lo-
calized Shh expression to the epithelium and GIli-1 expression

Downloaded from endo.endojournals.org on July 5, 2005
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Fic. 2. A and B, Quantitative RT-PCR comparison of Skh expression and Gli-1 expression in matched tumor (hatched) and benign (gray)
specimens from patients with prostate cancer. Each numbered pair represents histologically confirmed tumor and benign zone-homologous
prostate tissue from prostates removed by radical prostatectomy. Note the generally abundant level of Shh and Gli-1 expression in the prostate
specimens, compared with the human fetal brain control, the very high levels of hedgehog signaling in matched sets 465-490, and the tight
correlation between relative levels of Shh and Gli-1 expression in individual specimens. C and D, Radioactive in situ hybridization analysis
for Shh (C) and Gli-1 (D) in tissue sections from a human prostate cancer specimen. Shh and Gli-1 expression (red and pink labeling) localized
to the tumor epithelium and periductal stroma, respectively. Expression of the indicated genes was investigated in paraffin sections of primary
tumors. Bright-field and corresponding dark-field images were superimposed and radiocactive signals highlighted with artificial color.

to the periglandular stroma (Fig. 2, C and D). The same
pattern of localization was demonstrated in multiple speci-
mens of prostate cancer and benign prostate tissue (data not
shown). This distribution echoes the localization of the Shh
and Gli-1 to the epithelium and mesenchyme in the devel-
oping prostate. Comparing the relative levels of Shh expres-
sion in Fig. 2A to Gli-1 expression in the corresponding
specimens in Fig. 2B reveals an apparent correlation.
ANCOVA (Fig. 1B) revealed a highly significant association
between Shh and Gli-1 expression (P = 0.0001) in normal,
BPH, and prostate cancer tissue groups. This association is
equivalent in all subgroups and suggests that epithelial Shk
activity determines the stromal expression of Gli-1. The
slopes do not differ across groups (P = 0.3015), but the
group-specific intercepts do differ (P = 0.0357). Therefore,
log (Gli-1) may be described by log (Shh) via a set of parallel
straight lines with different intercepts for each group.
ANCOVA revealed a similar correlation between Shh ex-
pression and expression of Gli-2 and Gli-3 (Fig. 1B). Again,
the slopes for the different groups are not significantly dif-
ferent for Gli-2 and Gli-3 (P = 0.0853 and P = 0.1260, re-
spectively) but both log (Gli-2) and log (Gli-3) may be de-
scribed by (Shh) as straight line predictor (P < 0.0002) with
varying intercepts (P < 0.001).

LNCaP Shh expression drives stromal Gli-1 expression in
xenograft tumors

LNCaP cells were stably transfected with a GFP expression
vector containing the human Shi ¢cDNA under the control
of a cytomegalovirus promoter. Two clones exhibiting dif-
ferent degrees of Shh overexpression [LNCaP***™) and
LNCaP*""™ medium and high expression, respectively] by
RT-PCR and Western blot analysis, compared with a clone
transfected with vector only (LNCaP%?) and the parent cell

line, were selected for further study. Expression and secre-
tion of functional Shh peptide by the Shh-overexpressing
cells was confirmed by coculture with a Gli-luciferase re-
porter cell line (37) (Fig. 3A). However, Shh overexpression
was not associated with activation of human Ptc-1, Gli-1, or
Gli-2 in monolayer culture of LNCaP cells alone (Fig. 3, B-D),
arguing against autocrine signaling activity. The Shh-over-
expressing and control cells exhibited identical morphology
(not shown), and no significant differences in growth rate
(P> 0.112) or maximal growth (P > 0.739) in culture (Fig. 3E).
To exclude a contribution of ligand-independent (autocrine)
activation of hedgehog signaling in the parental LNCaP, we
used a chemical inhibitor of hedgehog signaling, cyclopam-
ine, which interferes with activation of the postreceptor in-
tracellular signal transduction mechanism (31). The LNCaP
cell line exhibited no inhibition of LNCaP cell proliferation
by 5 uM cyclopamine, a concentration that significantly in-
hibits proliferation of Ptc—/— cells (data not shown) (31).
When coinjected with Matrigel, LNCaP parent and Shh-
overexpressing cell lines both form xenograft tumors con-
sisting of nests of human prostate cancer cells and an inter-
vening, well-vascularized fibroblastic stroma derived from
the host mouse (30). The tumors appeared indistinguishable
(Fig. 4), and review by a urologic pathologist identified no
differences between xenografts made with the LNCaP parent
cell line or cells overexpressing Shh. Human- and mouse-
specific primers were used to assay for Ptc-1, Gli-1, and Gli-2
expression to determine the target of Shk signaling. Xeno-
graft tumors made with LNCaP parent and Shh-overexpress-
ing cell lines show barely detectable human Pfc-1 expression
and no human Gli-1 expression (not shown). In contrast,
mouse Ptc-1 and Gli-1 were expressed in xenograft tumors
made with the LNCaP parent cell line and demonstrated
dramatically increased expression in xenograft tumors made
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Fic. 3. A, S12 cells, C3H10T1/2 cells carrying a
hedgehog-responsive reporter gene construct
(85), were cultured alone or cocultured with
LNCaP, LNCaPS#*™) or LNCaPS* ) cells over-

night. Gli-I-luciferase reporter assay confirms
production, processing, and secretion of func-

tional hedgehog ligand by LNCaP cells overex-

pressing Shh. B-D, Shh overexpression is not

associated with autocrine stimulation of Ptc-1,

Gli-1, or Gli-2 expression in the LNCaP cells. B,
Shh expression in the LNCaP parent cell line by

quantitative RT-PCR is low relative to the em-
bryonic brain control (which equals 1 and is too
low to be visible in this graph). Shh expression in
LNCaPS"*™ and LNCaPS**™ cell lines is ap-
proximately three orders of magnitude greater
than embryonic brain. Gli-1 expression is unde-
tectable both in the parent and overexpresser cell
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lines (data not shown). C and D, Expression of
neither human Ptc-1 nor Gli-2 is increased by Shh
overexpression. E; Shh overexpression is not as-
sociated with any change in growth rate in cul- E
ture. Log-relative growth in culture for four
LNCaP cell lines, with Gompertz fit (dotted line).
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Inset, Western blotting for Shh peptide in the
LNCaP parent, LNCaP"” LNCaP5"*™) and
LNCaP5"*#™ cell lines (lanes 1-4, respectively;
arrow indicates lane origin) confirming abundant
levels of the 19-kDa peptide (arrowhead) in the
LNCaPS"*™ and LNCaPS***0 cell lines. Expres-
sion in the LNCaP parent and LNCaP%7" cell
lines is too low to be seen in the gel shown.
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with cells overexpressing Shh (Fig. 5, A-D). These findings
indicate that Shh secreted by LNCaP cells signals to mouse
stromal cells present within the xenograft tumor and acti-
vates stromal cell Ptc-1 and Gli-1 expression in a paracrine
loop. These findings were confirmed by radioactive in situ
hybridization (Fig. 5, E-H).

Shh overexpression accelerates tumor growth

Control cells and LNCaP cells overexpressing Shk
formed tumors with equally high take rates (80-100%)
when coinjected with Matrigel. Neither demonstrated sig-
nificant tumor formation even with prolonged (12 wk)
follow-up when injected without Matrigel (data not
shown). We therefore compared the growth rate of xeno-
grafts made by coinjection with Matrigel (Fig. 6). Com-
pared with both the parent cell line and GFP control, the
medium and high Shh-overexpressing xenografts both ex-
hibit significantly increased tumor growth rates. A slower

¥
1 2 -3 - (<]

e (dryn)

rate of growth of the GFP control than the parent cell line
is thought to reflect a nonspecific difference between the
clonal GFP and parent cell lines. Additional experiments
using nonclonal GFP and Shh overexpresser cell lines
showed a comparable increase in tumor growth rate with
Shh overexpression (our unpublished observations). His-
tologic examination of the tumors excluded an increase in
stromal proliferation as an explanation of the increased
tumor growth rate because both overexpresser and control
xenografts are composed of an epithelium-rich tumor with
a relatively small component of stromal tissue. Mitotic
figures in the tumor stroma were scarce; in contrast, mi-
totic figures were very common in the tumor cell compo-
nent of the xenograft (see Fig. 4). Tumor cell proliferation
was significantly higher in the medium and high Shh
overexpressers [2.85 * 1.7 and 2.40 = 1.8 (mean % sp)
mitotic figures per high power field, respectively] than the
GFP and LNCaP parent controls (0.35 * 0.75 and 0.550 =
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LNCaP  LNCaPStH)

Fic. 4. Histology of xenograft tumors made with the LNCaP parent
cell line (A, C) and LNCaPS""® gverexpresser (B, D). Low-power
views show comparable stromal and epithelial composition in the
control (A) and overexpresser (B) xenografts. High-power views show
similarity in tumor cell differentiation and density. Mitotic figures
(arrow) are evident in both the control (C) and overexpresser (D)
xenografts. The size marker denotes 100 uM.

0.89, respectively; P = 0.0016). These data support the
observation that increased tumor growth results from an
increase in tumor cell proliferation. The striking contrast
between the similar growth rates of the Shh-overexpress-
ing and control cells in culture and the marked differences
in xenograft growth rates suggests that Shh overexpression
stimulates tumor growth via a stromal mediated paracrine
mechanism.

Discussion
Hedgehog signaling in normal and diseased prostate tissue

Epithelial-mesenchymal interactions driven by Hedgehog
ligand are a central theme in the morphogenesis of several
developing organs (38-42). Inappropriate activation of the
hedgehog signaling pathway has recently emerged as a key
factor in oncogenesis and hyperproliferative disease, partic-
ularly in those organs in which Shh plays an important
embryologic role (reviewed in Refs. 43, 44). Dahmane et al.
(45) observed abundant Gli-1 expression in nine of 11 pros-
tate cancer tissues examined and speculated that hedgehog
signaling could play an important role in prostate cancer.
This prompted us to more carefully examine hedgehog ac-
tivity in benign and malignant adult prostate tissue. Our
comparative analysis of prostate specimens from young
adult men, men with BPH, and men with prostate cancer
showed a trend toward higher Shh and Gli-1 expression in the
cancer specimens, but this trend did not reach statistical
significance. Even so, we found surprisingly high expression
levels in these adult tissues: Shh and Gli-1 expression in most
of the specimens exceeds the level of expression found in the
fetal brain (see Fig. 4). This finding is in contrast to the mouse
prostate in which expression in the adult is very low. The
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explanation may be that a wide range of histopathologic
processes universally afflict the human prostate throughout
the adult life span, including inflammation, hyperplasia,
dysplasia atrophy, and proliferative atrophy as well as can-
cer. Indeed, we observed abundant Shh activity associated
with foci of inflammation (our unpublished observations).

Comparison of Shh expression and Gli-1 expression in
biopsies from contralateral lobes of the same gland showed
a surprisingly strong correlation between expression in the
tumor and benign tissue from the same patient (see Fig. 4).
This was true despite wide variation in the levels of Shh and
Gli-1 expression among individuals and suggests that the
level of Shh signaling activity is a generalized characteristic
of an individual’s prostate. We observed a very tight corre-
lation between Shh and Gli-1 expression in individual spec-
imens of benign and malignant prostate tissue (see Figs. 1B
and 4). Together with localization studies showing Shh and
Gli-1 expression confined to the epithelium and stroma, re-
spectively, this indicated that functional signaling by Shh
from the benign epithelial and/or tumor cells drives Gli-1
expression in the prostatic stroma. Intriguingly, the strong
correlation between Shh and Gli-1 in human specimens was
clearly evident, even though the stromal/epithelial ratio var-
ies significantly among specimens. This is best explained by
restriction of Shh diffusion and localized signaling activity to
the immediately adjacent stromal cells.

Hedgehog signaling in cancer

Ectopic activation of Sonic hedgehog signaling is a key
event in the generation of sporadic (46, 47) and hereditary
basal cell carcinoma (48, 49) as well as medulloblastoma (50,
51). Mice heterozygous for Ptc-1 develop medulloblastomas
(52) and, under some experimental conditions, skin lesions
resembling basal cell carcinoma (53). In these cancers, acti-
vation of the Hedgehog pathway is believed to induce pro-
liferation in epithelial tumor cells via activation of cyclins
and cyclin-dependent kinases (54) in an autocrine loop. Ac-
cordingly, Hedgehog antagonists are effective inhibitors of
tumor growth in models of medulloblastoma (55) and basal
cell carcinoma (35). Recently ligand-dependent Hedgehog
signaling has been described in a subset of human small-cell
lung carcinomas and small-cell lung carcinoma cell lines
tested (56). Tumor growth is significantly inhibited by treat-
ment with the natural Hedgehog antagonist cyclopamine in
a xenograft model derived from one of these cell lines that
is expressing Shh and Gli-1 concomitantly. Similar studies
have shown Shh signaling promotes growth of pancreatic
and upper gastrointestinal tumors (57, 58). These studies
show evidence of autocrine signaling but also noted activa-
tion of Shh target genes (Ptc) in the reactive stroma adjacent
to the tumor.

As yet there is no evidence that oncogenic mutations of the
Hedgehog pathway genes Ptc-1 or Smo exists in prostate
cancer, and our localization studies did not show strong
evidence for autocrine signaling in localized prostate cancer.
Instead, our studies suggested that paracrine signaling from
tumor cells to the adjacent stroma represents the major path-
way of hedgehog target gene activation in prostate cancer. To
examine the influence of such signaling on tumor growth, we
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Fic. 5. A-D, Quantitative RT-PCR analysis of hedgehog pathway genes in xenograft tumors. A, Shh is overexpressed in LNCaPS***®! xenograft
tumors. The level of expression in the parent LNCaP cell line is three orders of magnitude less and too low to be seen in this graph. B-D, Mouse
Ptc-1, Gli-1, and Gli-2 expression is significantly increased in overexpresser xenograft tumors. Approximately equivalent high-level mouse Ptc-1,
Gli-1 and Gli-2 expression was observed in xenograft tumors made with the LNCaPS"*®™ and LNCaPS**¥ cell lines (not shown), indicating
that in the presence of high levels of Shh expression, stromal gene activation reaches a plateau that is independent of the absolute concentration
of Shh protein produced by the epithelium. E-H, Localization of mouse Ptc-1 and Gli-1 expression. No detectable Shh signal is seen in the LNCaP
parent cell line xenograft tumor (E). In the LNCaPS**™ yenograft, strong tumor cell Shk expression (F) is mirrored by mouse Ptc-1 and Gli-1
expression (G, H) in the tumor stroma (S). Comparable studies of the canonical LNCaP xenografts did not show significant Gli-1 or Ptc expression
in the stroma (not shown). Bright-field images were captured for abundantly expressed Shh; the radioactive signal is visible as black silver grains.
For Pte-1 and Gli-1, bright-field and corresponding dark-field images were superimposed and radiocactive signals filled in with artificial color
(red and pink).
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period. The mean slopes (+) for each tumor group are significantly different: LNCaP vs. LNCaP®*F (P = 0.0047), LNCaP5**™ (p = 0.0084),
and LNCaP***® (P = 0,0001); LNCaP®” ys. LNCaP$**™) (P = 0.0001) and LNCaP***® (P = 0.0001); and LNCaP$"*™ ;5 | NCaPShiH
(P = 0.002).

P T VT Y

84

used the LNCaP cell line. This cell line has relatively low  sion analysis of the xenografts showed a lack of Shh-induced
endogenous Shh expression and no evidence of autocrine  up-regulation of human Ptc-1, Gli-1, and Gli-2 expression,
activation by exogenous Shh peptide. Using the LNCaP  confirming the absence of autocrine Shh signaling activity,
xenograft made it possible to specifically measure the effect ~ but showed marked up-regulation of mouse Ptc-1, Gli-1, and
of engineered Shh overexpression and paracrine signalingon  Gli-2 expression. It follows that the effect of Shk overexpres-
growth of the tumor. Overexpression of Skh in the LNCaP  sion on tumor cell proliferation is mediated by Gli-based
xenograft significantly accelerated tumor growth by increas-  activation of stromal genes and paracrine mechanisms.

ing the rate of tumor cell proliferation in vivo. Gene expres- One limitation of the LNCaP xenograft is the nonprostatic
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origin of the tumor stromal cells. The target gene response to
Shh signaling could vary with the origin and/or phenotype
of the stromal cells (see below). However, we have recently
shown that in xenograft tumors made by coinjecting LNCaP
cells with immortalized mouse prostate stromal cells, Shh
overexpression induces up-regulation of mouse Ptc-1, Gli-1,
and Gli-2 expression and accelerates tumor growth similar to
what is observed in the canonical xenograft model (our un-
published observations). Yoon et al. (25) identified approx-
imately 30 targets of Gli-1 transcriptional regulation, includ-
ing cyclin D2, osteopontin, IGF binding protein-6, MAPK éc,
and plakoglobin, several of which are expressed in the mouse
fetal prostatic mesenchyme (our unpublished observations).
These and/or other paracrine regulated genes are obviously
candidates for Shh-mediated activation in adult prostate
stromal cells. Whereas our studies of localized prostate can-
cer specimens and the LNCaP xenograft highlight the role of

- paracrine signaling, we cannot exclude a role for autocrine
activation, and studies with other prostate cancer cell lines
and models will provide essential complementary perspec-
tives. Indeed, Berman and colleagues recently demonstrated
autocrine/paracrine hedgehog signaling in the PC3 and
22RV1 human prostate cancer cell lines and showed that
cyclopamine inhibits growth of corresponding xenograft tu-
mors in nude mice (Berman, D., personal communication;
cited with permission).

Our survey of Hedgehog pathway genes in human pros-
tate tissue reveals significant maintenance levels of Shk and
Gli gene expression in the normal adult human prostate and
comparably high levels of Hedgehog signaling in prostate
cancer and benign prostatic hyperplasia. Given the lack of
specificity of Shh expression for prostate cancer, how can it
play an important role in cancer growth and progression?
The answer may lie in the nature of the stromal response to
that signal in prostate cancer. During prenatal mouse pros-
tate development, Shh activates Gli gene expression in the
adjacent mesenchyme, promotes epithelial proliferation and
ductal growth (14, 15, 28, 29). Later in prostate development,
Shh appears to inhibit growth and induce differentiation of
epithelial cells into postmitotic, terminally differentiated lu-
minal cells (17). The dichotomous actions of Shh at different
stages of prostate development may be due to differing con-
centrations of active Shh peptide or coregulators such as
activin A and TGFg1 or a change in the state of stromal cell
differentiation (17).

Rowley and colleagues (59) have shown that prostate can-
cer-associated stromal cells are phenotypically different from
the stromal cells of the normal prostate. Cancer-associated
stromal cells exhibit a myofibroblast phenotype resembling
the activated stromal cell associated with wound healing.
Studies of tumor-associated stromal cells have shown en-
hanced capacity to promote tumor growth in vivo (reviewed
in Refs. 60, 61) and demonstrated altered expression of genes
such as matrix metalloproteinases and tissue inhibitors of
metalloproteinases (3). More recently tumor-associated stro-
mal cells and normal prostate stromal cells have been shown
to exhibit different responses to paracrine stimulation with
pigment epithelium-derived factor (62) (Kozlowski J., per-
sonal communication). The mechanism for stromal activa-
tion has not been defined and the mechanisms by which
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stromal cells influence tumor growth are also not well un-
derstood. However, the distinctive character of the stromal
compartment associated with prostate cancer may set the
stage for a categorically different response to Shh signaling.
Whereas Shh signaling in the stromal context of the normal
prostate may help regulate the balance between proliferation
and terminal differentiation, a similar level of signaling in the
context of a cancer-associated reactive stroma may induce
paracrine signals that promote tumor cell proliferation. A
better understanding of the stromal response to Shh signal-
ing in normal and malignant prostate tissue will be critical
to elucidating the mechanism by which Shh signaling pro-
motes tumor growth.
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APPENDIX 2

THE HUMAN PROSTATE EXPRESSES SONIC HEDGEHOG DURING
FETAL DEVELOPMENT
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AND WADE BUSHMAN*

From the Division of Urology, Department of Surgery, University of Wisconsin Medical School, Madison, Wisconsin, and Department of
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ABSTRACT

Purpose: The keynote event of prostate ductal development is the formation of epithelial buds
that invade the urogenital sinus mesenchyma. Studies in mice have shown that budding requires
the signaling peptide Sonic hedgehog, which is expressed in the eplthehum of the prostatic
anlagen. We report our characterization of sonic hedgehog (SHH) expressmn in the human fetal
prostate.

Materials and Methods: Reverse transcriptase-polymerase chain reaction was performed in
fetal prostate RNA isolated at 15.5 and 18 weeks of gestation, respectively. Immunostaining was
performed on sections from 7 male fetuses at 9.5 to 34 and in 4 female fetuses at 9 to 18 weeks
of gestation.

Results: Weak staining for SHH was seen in the prostatic urethra at 9.5 weeks. Intense staining
was seen at 11.5 and 13 weeks in the prostatic urothelium and nascent prostatic buds. Staining was
slightly diminished at 16.5, further diminished at 18 to 20 and absent at 34 weeks. SHH expression
at 15.5 and 18 weeks was confirmed by reverse transcriptase-polymerase chain reaction assay of
freshly isolated prostate tissue. Comparative SHH immunostaining in the female showed urothelial
staining at 9 and 12 weeks with staining greatest above the entrance of the miillerian ducts. Staining
diminished earlier in the female (14 weeks) than in the male and was almost absent at 18 weeks.

Conclusions: SHH expression in the human fetal prostate is contemporaneous with the fetal
testosterone surge and with ductal budding of the prostatic urothelium. SHH expression is also -
present in the female urogenital sinus but in the absence of testosterone it is not associated with
ductal budding.

Key WoRDS: prostate, gene expression, fetal development, testosterone, epithelium

-

Development of the human prostate. The prostate develops
“from the urogenital sinus in response fo testosterone stimu-
lation. The embryonic prostatic anlage initially consists of
a multilayered epithelium surrounded by mesenchyma.
Testosterone secretion from the fetal testis begins at 8 weeks
of gestation. In a process of ductal budding that starts at 10
weeks of gestation and continues at least through 14 weeks
multiple epithelial outgrowths invade the surrounding mes-
enchyma.!-2 These epithelial buds form ducts that elongate
and branch to form a complex ductal system. During ductal
development the columnar, basal cell and neurcendocrine
cell compartments of the prostate epithelium appear and the
mesenchyma generates a complex stroma containing fibro-
blasts, smooth muscle, neural and vascular elements, and a
complex extracellular matrix. Postnatal development in-
cludes a period of growth during year 1 of life, quiescence
during childhood and further growth with the testosterone
surge at puberty. The product of this developmental process
is a secretory ductal network in a dense supporting stroma
that drains into the urethra via multiple main ducts.
Prostatic ductal budding as a point of study. The molecular
mechanisms regulating fetal prostate development are inter-
esting because of their possible role in the genesis of prostatic
neoplasia. Laboratory studies have identified multiple fac-
tors that may have important roles in rodent prostate devel-

opment and growth, However, extrapolation of these obser-'
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vations to the development of the human prostate must
contend with species specific differences in lobar and ductal
architecture, patterns of prenatal and postnatal growth, and
the stromal and epithelial composition of the adult prostate
gland. We focused on a specific event in prostate morphogen-
esis that is similar in rodents and humans, namely ductal
budding. Timms et al noted that despite the different lobar
and ductal architecture of the rodent and human prostate
there are striking similarities in the process of ductal bud-
ding during development.3 Also, Cunha et al performed tis-
sue recombination experiments that mixed human and ro-
dent urogenital sinus mesenchyma and epithelium to show
that inductive signals responsible for the induction of pros-
tate morphogenesis are conserved across species.® Therefore,
ductal budding serves as a point of congruence in prostate
development, making it an ideal model for identifying growth
regulators that exert similar actions in human and mouse
fetal prostate development.

Role of sonic hedgehog in prostate development. Sonic
hedgehog is the mammalian homologue of the drosophila
gene hedgehog. By convention the human and mouse genes/
RNA message are abbreviated as SHH and Shh, respectively,
while the peptides are designated by SHH and Shh. Sonic
hedgehog encodes a secreted peptide that acts as a potent
inducer of growth in development of the limbs, central ner-
vous system, lungs, craniofacial skeleton, hair, teeth, gastro-
intestinal tract, pituitary and genital tubercle.5:8 Sonic
hedgehog peptide acts through a membrane bound receptor
{patched) on the target cell and it may activate transcription
of the genes involved in cell ¢cycle regulation and growth, such
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as cyclin D2, mitogen activated protein kinase 6c and plako-
globin 57 . '
We have previously observed that Shh is expressed in the
epithelium of the mouse urogenital sinus. Expression is most
abundant in the perinatal period, when budding occurs most
intensely, and declines gradually after birth to a low but

detectable. level in the adult prostate. Antibody blockade of .

Shh action completely inhibited glandular morphogenesis
and growth.® Recently we reported that the chemical inhibi-
tor of hedgehog signaling cyclopamine arrests ductal budding
in the urogenital sinus cultured in vitro.? These studies iden~
tify Shh as a necessary signal for the initiation of prostate
ductal budding in the mouse. We correlated our observations
on mouse prostate development with human prostate devel-
opment by characterizing SHH expression in the human fetal
prostate. )

MATERIALS AND METHODS

Tissues. The lower genitourinary tracts were removed from
7 human male fetuses at 9.5 to 34 weeks and from 4 female
fetuses at 9 to 18 weeks of gestation. Permission to use these
specimens was granted by the New York University institu-
tional board review association. Specimens were formalin
fixed and paraffin embedded. Male specimens were serially
sectioned transversally at 4 puM., while female specimens
were sectioned sagittally. Fresh fetal prostate tissue was
obtained at 15.5 and 18 weeks of gestation, and flash frozen
in liquid nitrogen. Use of these specimens was deemed ex-
empt from review by the institutional review board for hu-
man subjects at Northwestern University, Mouse prostate
tissues were harvested from male BALB/c embryos at days
15 and 19 of gestation (20-day gestation period with day of
the vaginal plug equal to day 0), and 5 and 10 days postna-
tally. Tissues were formalin fixed, paraffin embedded and
serially sectioned. Adult C57BL/BJ-A%~T-Ta% +/+Ar™™ mice
with mutant androgen receptors (testicular feminization
{Tfm]) were used. Obtained from Jackson Laboratories.

Immaunohistochemistry. Santa Cruz sc-1194 goat poly-
clonal antibody (Santa Cruz Biotechnology, Santa Cruz,
California) (200 pg./ml.) to the SHH protein 19 kDa. amino
terminus was used for immunostaining. SHH protein in hu-
man tissues was localized by indirect peroxidase staining.
Representative sections were deparaffinized and hydrated.
Endogenous peroxidase activity was blocked with 3% hydro-
gen peroxide in methanol for 10 minutes, Antigen retrieval
was performed by microwave processing at full power for 15
minutes in 0.01 M. citrate buffer (pH 6.0). After overnight
incubation with the primary antibody a rabbit anti-goat sec-
ondary antibody conjugated with horseradish peroxidase was
applied. Slides were developed in a solution containing 3,3'-
diaminobenzidine tetrahydrochleride and hydrogen perox-
ide. All sections were counterstained with hematoxylin. Shh
protein was detected in developing mouse prostate by indi-
rect alkaline phosphatase staining, as previously described.®

RNA isolation and reverse transcriptase-polymerase chain re-
action (RT-PCR). Total RNA was isolated in Trizol (Invitrogen,
from prostate tissue, as described previously.’® RT-PCR re-
actions were performed, as previously described .8 Briefly, 50 ng.
total RNA were reverse transcribed and carried through 35
cycles of amplification using primers specific for human SHH or
mouse Shh using an RT-PCR Core Kit (Applied Biosystems,
Foster City, California). Semiquantitative RT-PCR assay of ex-
pression was performed as previously described using the ribo-
somal subunit gene RPL-19 as an internal control 8 Reactions
were routinely performed without RT to demonstrate the RNA
dependence of reaction products. SHH yielded a 220 bp product,
which was confirmed by restriction digestion with Smal
and Nael. RPL-19 yielded a 544 bp product. RT-PCR
primer sequences 5'-3' were SHH forward TCGGTGAAAG-

CAGAGAACTC, SHH reverse TCTCGATCACGTAGAAGACC,
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RPL-19 forward TCAGGCTTCAGAAGAGGCTC and RPL-19
reverse ATGATCTCCTCCTTCTTGGC. Primers for mouse Shh
and RPL-19, and product sizes have been previously described.?

RESULTS

SHH localization in the fetal human prostate. Representa-
tive sections from 7 male fetuses at 9.5 to 34 weeks of gesta-
tion were stained with polyclonal anti-SHH antibody. At 9.6
weeks weak staining was seen in the epithelium of the pros-
tatic portion of the urogenital sinus (fig. 1, ). There was little
staining of a more cephalad section at the bladder neck (fig.
1, b). Regional specificity for urothelial SHH expression at
this stage reflected similar regionalization of expression in
the fetal mouse.® There was intense staining of all layers of
the prostatic urothelium at 11.5 weeks, including areas of
new budding where staining appeared particularly robust
(fig. 1, ¢ and d). SHH staining remained intense at 13 weeks
(data not shown). At 16 weeks staining diminished slightly

- but there was still strong staining of the prostatic urethra,

and noncannulated and cannulated ducts (fig. 2, ¢ and b).
Staining was generally diminished by 18 (data not shown),
markedly diminished at 20 and absent at 34 weeks (fig. 2, ¢
and d). : : '

SHH expression was assayed in total RNA extracted from
2 freshly isolated human fetal prostate specimens at 15.5 and
18 weeks of gestation. Expression was observed at each time
point {fig. 3). Lower intensity of the product band in the
18-week sample suggested lower expression at the later time
point, reflecting immunostaining findings. However, verifi-
cation by quantitative RT-PCR was precluded by extremely
poor RNA yields from the tissue specimens (data not shown).
Together our studies indicate that SHH expression in the
human fetal prostate is up-regulated at the onset of ductal
budding, most abundant during the early phase of prostate
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FiG. 1. Localization of SHH peptide in human fetal prostate by im-
munostaining. a, at 9.5 weeks of gestation there was weak staining of
epithelium of urethra (u) in prostatic portion of urogenital sinus.
Reduced from X100. b, more cephalad section of urogenital simis at
bladder neck level near ejaculatory ducts (ED) and mitlerian duct (MD)
showed little staining. Reduced from X100. ¢, at 11.5 weeks staining
was seen in all prostatic layers. Reduced from X100. d, at 11.5 weeks
staining was noted in areas of new budding. Reduced from X400.




Fic. 2. a, at 16 weeks staining intensity in prostatic urethra (u)
started to diminish. Reduced from X100. b, noncannulated and can-
nulated buds remained intensely stained. Reduced from x200. ¢,
SHH staining was markedly diminished at 20 weeks. Reduced from
;( 100. d ,OSHH staining was essentially absent at 34 weeks. Reduced
Tom x40, -

{-RT (+)RT

Weeks
Gastation

155 18 155 18

F16. 3. SHH gene expression in human fetal prostate by RT-PCR
at 15.5 and 18 weeks of gestation. Reaction product SHH was seen
only by RT reactions, Diffuse bands at bottom of all lanes (Primer)
represent unused primer sequences, which were more intense in
negative (—) RT lanes, as expected. +, positive, .

development, when ductal budding occurs, and down-
regulated before birth. '
To determine whether SHH expression in the urogenital

sinus is unique to the male, immunostaining was performed -

in the human fetal female lower genitourinary tract.
Staining was present in the urothelium of the urogenital
sinus at 9 and 12 weeks (fig. 4). Staining was more intense in
the section of the urogenital sinus above the entrance of the
miillerian ducts. Staining was also seen in the wolffian duct.
Staining diminished at 14 weeks and was almost absent at 18
(data not shown). These studies indicate that regionalized
areas of Shh expression are present in the female lower
genitourinary tract and also suggest that expression dimin-
ishes somewhat earlier in the female than in the male.

Shh expression in the developing mouse prostate. Skh ex-~
pression in the developing mouse prostate is most abundant
during late gestation (days 15 to 20) and the early postnatal

; 7
of SHH peptide in the lower urogenital tract
of female fetus lg immunostaining. Staining was localized to uro-
genital sinus (UGS) epithelium and was more intense cephalad to
entrance of millerian ducts (D). Staining was also present in
wolffian ducts (WD) but no staining was seen in miillerian ducts. a,
at 9 wecks of gestation. Reduced from x100. b, at 12 weeks of
gestation. Reduced from Xx40. .

period (days 1 to 5), when most ductal buds are formed.®
Immunostaining for ShA in sections of the urogenital sinus at
day 15 of gestation showed diffuse staining of the prostatic
urothelium (fig. 5, ¢). No staining of the mesenchyma was
noted. After the onset of ductal budding at day 17.5 of ges-
tation staining was seen at day 19 of gestation in the epithe-
tium of the urethral lumen and nascent ductal buds (fig. 5, b
and ¢). There was a similarity to immunostaining in the
human fetal prostate at 11.5 weeks of gestation (fig. 1, ¢ and
d). Staining remained abundant at postnatal day 5 (data not
shown) but it was generally diminished at postnatal day 10
(fig. 5, d). _ .

We have previously shown that dihydrotestosterone stim-
ulated Shh expression in the mouse urogenital sinus cul-
tured in vitro.8 The expression seen in the absence of dihy-
drotestosterone could indicate that Shh expression is not
strictly androgen dependent. On the other hand, the urogen-
ital sinus tissues used in these experiments were harvested
after the onset of fetal testosterone expression at day 12 of
gestation, leaving open the possibility that induction of Shh
expression in the male as opposed to maintenance of expres-
sion is dependent on androgen. To exclude rigorously depen-
dence of Shh expression in the male on testosterone we
compared Shh expression in newborn Tfm male mice and
their wild-type controls. Tfm is a frameshift mutation of the
androgen receptor that renders males insensitive to andro-

-gens.!! Assay for Shh expression by semiquantitative RT-

PCR in the P1 urogenital sinus of male Tfm mice and their
appropriate wild-type controls showed expression in each
with apparently slightly lower expression in the mutant (fig. 6).

DISCUSSION

SHH expression in the human fetal prostate during ductal
budding localized to the epithelial compartment. Most abun-
dant expression was observed between 11.5 and 13 weeks, a
period of extensive ductal budding, and diminished signifi-
cantly at 18 to 20 weeks. This time course coincides with the
fetal testosterone surge. Testosterone secretion from the testes
begins at 8 weeks. Serum levels remain low (less than 100
ng/100 mil.) up to approximately 11 weeks.12 Peak levels (100 to
580 ng/100 ml.) occur between 12 and 18 weeks, after which

- there is a sharp decline to low levels (less than 100 ng./ml.). The

apparent correlation of SHH expression with the fetal testos-
terone surge should not be over interpreted. Testosterone stim-
ulates Shh expression but the effect is modest.2 These observa-
tions suggest that SHH expression is coordinated with the
testosterone surge and may not necessarily reflect the direct
dependence of expression on androgen. i
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Fic. 5. Localization of Skh peptide in the fetal and neonatal
mouse prostate by immunostaining. ¢, staining was present in
urothelium of prostatic urethra (u) at day 15 of gestation. Reduced
from X200. b, staining at day 19 of gestation in prostatic urothelium.
Reduced from X200. ¢, staining at day 19 of gestation in nascent
buds (arrows). Reduced from X400. d, staining was significantly
diminished at postnatal day 16, when there was slight staining of
epithelium of urethral lumen but not in surrounding ducts (arrow-
heads). Reduced from X400,

Prostate ductal budding absolutely depends on testoster-
one. In the absence of testosterone prostate ductal budding
does not occur. Conversely budding can be induced in the
female by exogenous testosterone. It may be interpreted as
indicating that androgen functions as the switch to deter-
mine whether budding does or does not occur. Hedgehog
signaling is also required for budding, as evidenced by the
effect of antibody and chemical blockade of hedgehog signal-
ing,%? and Shh expression shows some degree of androgen
regulation. However, Shh cannot substitute for testosterone
since exogenous Shh does not stimulate glandular develop-
ment in the male urogenital sinus grown as a subcapsular
transplant in a castrated host.8 Thus, prostate development
requires testosterone and hedgehog signaling.

What is the action of SHH? SHH binding to its receptor on
the target cell activates a signal transduction pathway that
activates the transcription factor Glil. Glil mediates hedge-
hog signaling by activating the transcription of SHH target
genes by binding to Gli recognition sequences in the promot-
ers. The closely related homologue Gli2 may provide funec-
tional redundancy in transcriptional activation, while an-
other homologue, Gli3, may regulate the activities of Glil and
Gli2.% Our studies of the developing mouse prostate indicate

2209
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FIG. 6. Shh expression in P1 wild-type (WT) and Tfm (TFM) uro-
genital sinus by RT-PCR. Reactions performed using gene encodin,
ribosomal subunit RPL19 as internal control demonstrated SA

mRNA in each tissne. Control reactions performed without RT re-
vealed RNA dependence of RPL19 and Shh reaction products (data
not shown). :

that hedgehog signaling up-regulates Glil expression in the
urogenital sinus mesenchyma surrounding the developing
buds.? Blockade of hedgehog signaling inhibits Glil expres-
sion in parallel with the abrogation of ductal budding.* This
observation suggests that hedgehog signaling from the epi-
thelium activates target gene expression in adjacent mesen-
chyma. Absent expression of the homeotic gene Nkx3.1 in the
urogenital sinus of the Shh knockout mouse has been con-
sidered to suggest that Nkx3.1 is a targét of hedgehog sig-
naling.'® Shh expression has been associated with up-
regulation of Bmp4, Hoxd-13 and Fgfl0 in the developing
genital tubercle but it is thought that these effects likely
involve connections with other regulatory cascades.¢ Further
insight into the actions of SHH may come from identifying
hedgehog target genes through microarray analysis.?. 14

Outgrowth and extension of ductal buds in the developing
mouse and human fetal prostate appear to result from concen-
trated epithelial proliferation.16.16 As characterized in various
experimental systems,17.18 budding morphogenesis is process
that usually involves an interplay of positive and negative
growth regulators, which orchestrate a focal area of cell prolif-
eration. This process produces a discrete site of epithelial out-
growth. While the hedgehog pathway and Gli family of genes
(Gli1 to Gli3) appear to have a central role in prostate ductal
budding,8.9 a number of additional factors also appear to have a
role. Mesenchymal FGF10 expression likely stimulates bud out-
growth and promotes ductal growth and branching.!® Bmp4,
which is also expressed in mesenchyma,. acts as a negative
growth regulator that may restrict budding to specific sites and
inhibit epithelial proliferation between budding sites.20 In the
past it was anticipated that testosterone would be found to
activate the expression of growth factors that stimulate ductal
budding and branching morphogenesis but it does not appear to
be the case. Thompson and Cunha reported that fibroblast
growth factor-10 expression is similar in the male and female
urogenital sinus.!® Similarly Bmp-4 is expressed at equivalent
levels in the male and female urogenital sinus, although the
pattern of expression appears to be different in the 2 sexes.20
These observations indicate that testosterone does not act sim-
ply as the upstream master switch, activating the expression of
signaling activities in the urogenital sinus that produce pros-
tate budding. They suggest a more. subtle connection of andro-
gen action with the activity of these signaling pathways. It may
be a modification of the response to signaling, as suggested by
Thompson and Cunha,® an effect on patterning the expression
of these factors, as shown for Bmp-4,20 or a combination of these
2 effects, :
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